Introduction {#sec1_1}
============

Enlargement of the ventricular system is a common finding on neuroimaging in patients visiting a memory clinic. This finding raises a lot of questions for the clinician about the underlying etiology of the ventricular enlargement, as well as the clinical relevance of this finding related to the cognitive symptoms of the patient.

Progressive enlargement of the ventricular system is found in a number of neurodegenerative diseases, such as Alzheimer\'s disease (AD), vascular dementia and progressive supranuclear palsy, but specifically in patients with chronic hydrocephalus (CH) \[[@B1]\]. All of these conditions share the clinical symptoms of cognitive decline and gait disturbances.

CH is a complex condition characterized by ventriculomegaly, with excessive accumulation of cerebrospinal fluid (CSF), in the absence of a significant elevation or chronic low-grade elevation of intracranial pressure \[[@B2],[@B3]\]. CH is clinically characterized by cognitive decline and gait disturbances and to a lesser extent also by urinary incontinence \[[@B4]\]. The term 'CH' is used for a wide spectrum of conditions associated with ventricular enlargement, including normal pressure hydrocephalus (NPH) \[[@B4]\], compensated congenital hydrocephalus, adult-onset aqueduct stenosis and acquired hydrocephalus \[[@B2]\].

NPH, as first described by Hakim and Adams \[[@B5]\], encompasses two different types of patients. On the one hand, cases with acquired or 'secondary hydrocephalus', with a clear causative factor, such as trauma, meningitis or subarachnoid hemorrhage, in which failing absorptive mechanisms lead to disturbances in CSF dynamics. This category also includes patients with decompensated congenital hydrocephalus or late-onset aqueduct stenosis. On the other hand, it includes patients without an evident causative factor, referred to as 'idiopathic NPH'. Typically, CSF pressure in NPH will be in the normal range when measured by lumbar puncture. However, CSF pressure in NPH is not constant throughout 24 h, and is associated with pressure waves and an increase in CSF pressure over the night \[[@B6]\].

For the sake of completeness, NPH also includes 'ex vacuo hydrocephalus', defined as ventricular enlargement due to cerebral atrophy and is therefore unrelated to disturbances in CSF dynamics \[[@B2],[@B7]\]. Nevertheless, this enlargement is often found accidently and most importantly without the clinical symptoms.

In all forms of CH, the clinical course is influenced by changes in the brain associated with normal aging \[[@B2]\], which by itself is associated with a decline in cognitive function and functional reserves as well \[[@B8],[@B9],[@B10]\].

In developmental neurology, the concept called 'growing into deficits' is known as the phenomenon that the effects of early brain damage on development are cumulative as more functions are expected to mature, leading to global neurological disorders in later life, such as mental retardation and impaired motor functions \[[@B11],[@B12],[@B13],[@B14]\]. The same concept may be applicable to CH, because patients may have done well despite the brain changes for a long time, but may experience cognitive decline when combined with changes associated with aging, especially since additional neurodegenerative causes may be ruled out by the use of Alzheimer-specific biomarkers.

The aim of this study was to explore this theory of 'growing into deficits' in a series of cases with CH.

Methods {#sec1_2}
=======

Cases {#sec2_1}
-----

We selected patients from the Amsterdam Dementia Cohort \[[@B15]\] who visited the VU University Medical Center between July 2001 and February 2016. Inclusion criteria were (1) clinical symptoms of cognitive decline and ventricular enlargement on magnetic resonance imaging (MRI) at baseline visits and (2) medical history of childhood hydrocephalus, aqueduct stenosis, congenital posterior fossa abnormalities or other posterior fossa lesions having required surgical treatment in the past. Patients were excluded in case of (1) recent (less than 6 months) medical history of subarachnoid hemorrhage or head trauma, or (2) biomarkers indicating neurodegenerative disease. Ventricular enlargement on MRI was defined as ventricular dilation out of proportion to the cortical sulcal enlargement, with ballooning of the frontal horns and enlargements of the temporal horns \[[@B2]\].

All patients underwent extensive standardized dementia screening, including medical history, physical and neurological examination, electroencephalography, MRI and routine laboratory tests, described elsewhere \[[@B15]\]. CSF was obtained by lumbar puncture.

Diagnoses were made by consensus in a multidisciplinary team according to the current international diagnostic criteria.

The standardized workup of the Alzheimer center was approved by the Medical Ethical Review Committee of the VU University Medical Center. All patients provided written informed consent for the use of their clinical data for research purposes.

Cerebrospinal Fluid {#sec2_2}
-------------------

CSF was obtained by lumbar puncture between the L3/L4 or L4/L5 intervertebral space, using a 25-gauge spinal needle. A lumbar puncture was indicated in cases where AD-specific CSF biomarkers were needed. Spinal fluid pressure measurements and spinal fluid tap tests were not performed. CSF was routinely tested for leukocytes, total protein and glucose levels. The following CSF biomarkers were analyzed: Aβ~42~ (reference level \>550 pg/ml), total tau (reference level \<375 pg/ml) and phosphorylated tau-181 (reference level \<52 pg/ml).

Neuropsychological Examination {#sec2_3}
------------------------------

We used the Mini-Mental State Examination (MMSE) \[[@B16]\] and Cambridge Cognitive Examination (CAMCOG) \[[@B17]\] as measures for global cognition. On neuropsychological test examination, the following domains were tested: memory functions, attention, language, executive functions (including processing speed) and visuoconstructive functions. Clinical Dementia Rating (CDR) \[[@B18]\] was used as a measure for the global degree of functioning.

Results {#sec1_3}
=======

Cases {#sec2_4}
-----

A total of 45 patients with hydrocephalus were identified from our Amsterdam Dementia Cohort. A total of 15/45 cases fulfilled the inclusion criteria. Three cases were additionally excluded as a result of their CSF biomarkers compatible with AD. In the remaining 12 cases, AD has been considered very unlikely due to (1) normal CSF values of Aβ, and/or (2) normal CSF values of total tau and phosphorylated tau, and/or (3) no signs of neurodegeneration on MRI, and/or (4) a clinical phenotype not compatible with AD. Clinical characteristics of all cases are displayed in table [1](#T1){ref-type="table"}.

Mean age was 63.6 (range 39.7-72.5) years, and 10/12 (83.3%) were males. Mean duration of cognitive complaints until diagnosis was 49.9 ± 43.9 months. A total of 9/12 (75%) of cases had some degree of gait disturbances. Figure [1](#F1){ref-type="fig"} displays MRI of a typical CH case.

Cerebrospinal Fluid {#sec2_5}
-------------------

A total of 8/12 patients underwent lumbar puncture for collection of AD-specific CSF biomarkers. Results are displayed in table [1](#T1){ref-type="table"}. In case No. 11, a lumbar puncture was contraindicated due to a giant arachnoid cyst in the posterior fossa.

Neuropsychological Examination {#sec2_6}
------------------------------

Table [2](#T2){ref-type="table"} represents the neuropsychological results of all cases. On neuropsychological examination, memory and executive functions, as well as processing speed were most frequently impaired. Mean MMSE score was 24 (range 7-30). CAMCOG scores were available from 7/12 patients with a mean score of 72 (range 35-95). The global degree of functioning was classified as CDR score of 0.5 in the majority of patients (8/11, 66.7%).

Discussion {#sec1_4}
==========

We present 12 cases of CH from our memory clinic, with cognitive decline and gait disturbances, in whom AD as the underlying disease had been made highly unlikely or even excluded with the use of biomarkers. All patients were functioning on the level of mild to moderate dementia, for which they sought medical help at our memory clinic, and the majority of them also suffered from gait disturbances. We found that memory and executive functions as well as an impaired processing speed, were most commonly affected on neuropsychological test examination. Remarkably, all had been functioning very well for a large part of their lives, despite the fact that their brain abnormalities had been present for a long time in most of them.

Previous studies have shown that cognitive changes in CH predominantly include inattention, memory complaints, apathy, emotional lability, and disinhibition.\[[@B2]\] Disturbances in memory and executive functions including slowed mental processing speed are the most common findings on neuropsychological examination \[[@B2],[@B19]\].

Gait disturbances are a common finding in CH patients, varying from postural instability to 'magnetic gait' and akinetism \[[@B2]\]. One explanation for gait disturbances in CH might be the proximity to the lateral ventricles of the axons innervating the legs. These axons might become vulnerable to compression by the increasing ventricular size \[[@B2],[@B20]\].

The pathogenesis of CH is not fully understood yet. A widened ventricular system by itself does not seem to be a sufficient explanation for the cognitive decline, as evidenced by the fact that most patients had functioned quite well with CH for a long time. Moreover, ventriculomegaly is frequently found as an incidental finding on MRI, and has so far been asymptomatic. Furthermore, a study performed by Graff-Radford et al. \[[@B21]\] showed that ventricular size might remain unchanged despite dramatic improvement of symptoms and normalization of intracranial pressure in patients with obstructive hydrocephalus after successful endoscopic third ventriculostomy. Therefore, other mechanisms must be involved in disturbing the equilibrium of CSF dynamics, leading to cognitive deterioration in later life.

The clinical course of CH is influenced by aging-related changes in the brain, causing dysfunction at a certain age. These changes encompass hydrodynamic alterations in CSF flow and reduced compliance of the spinal subarachnoid space \[[@B2],[@B22]\]. Previous studies have suggested that aqueductal CSF flow might be higher and that cervical CSF flow might be lower in CH patients compared to healthy individuals. The large aqueductal flow is thought to cause an increased transcerebral mantle pressure gradient, leading to ventricular dilation \[[@B23]\]. Another possible mechanism causing ventriculomegaly is an increased CSF outflow resistance \[[@B6]\].

Degenerative vascular changes in the brain parenchyma occurring with increasing age are also suggested to play an important role in the development of ventricular enlargement \[[@B2],[@B24],[@B25]\]. The choroid plexus has a large influence on the production of antioxidant enzymes and transport of vitamins C and E into the CSF; unfortunately, these neuroprotective functions of the choroid plexus decrease with aging \[[@B2],[@B26]\]. Besides, the absorptive mechanisms in the arachnoid villi show reduced capacity with increasing age \[[@B2],[@B3]\].

According to Pascal\'s principle that represents only diffusion and no flow, the intracranial pressure will be uniform in the ventricular system and subarachnoid space \[[@B1]\]. However, physiological or pathological events might disturb CSF absorption and reduction in CSF turnover, causing ventriculomegaly.

In our study, 3 patients suffered respectively from traumatic brain injury (case 1), bacterial meningitis (case 7) and a mesencephalic tumor (case 12), all at least 1.5 years prior to onset of cognitive decline. One could imagine that these events could have possibly induced decompensation of the above-mentioned mechanisms. Furthermore, an impaired CSF turnover could result in a reduced clearance of neurotoxins from the central nervous system, like large proteins such as Aβ \[[@B27]\]. This might be the case in our 3 patients with a reduced CSF level of Aβ (with normal levels of tau and phosphorylated tau) (case No. 3, 7 and 8).

Normal aging is associated with a decline in cognitive function as well as functional reserves \[[@B8],[@B9]\]. Neuroimaging studies of cognitively healthy older subjects have shown volume loss and loss of white matter structural integrity, which may be associated with cognitive decline \[[@B28]\].

The main limitation of our study is the retrospective observational design. With this case series, we have tried to provoke a thought about the possible mechanism of cognitive decline in CH patients. This hypothesis would be stronger when supported by a prospective study, including a matched control group with CH without cognitive change and with all CSF and imaging biomarker data available.

Another limitation of this study is the fact that information about the hemodynamic alterations in CSF flow is missing.

Because of the retrospective observational study design, hydrocephalus was not initially considered as a cause of cognitive decline. Lumbar punctures were performed just to collect CSF for analysis of AD-specific biomarkers. Therefore, the spinal fluid tap test and CSF pressure measurements were not performed and unfortunately, data about possible improvement of gait disturbances are lacking. Because 25-gauge needles were used for lumbar punctures, CSF pressure measurements would have been unreliable anyway.

In our opinion, the theory of 'growing into deficits' shows a parallel with the clinical course of CH and normal aging. One should bear in mind that the ventricular enlargement by itself does not seem to be a sufficient explanation for the clinical picture alone, because most of these patients are functioning well for a very large part of their lives. However, at a certain point, the equilibrium of CSF dynamics decompensates, leading to cognitive symptoms and gait disturbances. When AD as a possible explanation for this cognitive decline has been ruled out or made highly unlikely, there must be another factor that is responsible for the disturbed equilibrium. The altered CSF dynamics might make the brain more vulnerable to aging-related changes, leading to a faster cognitive decline in CH patients compared to healthy subjects, especially in case of concomitant brain damage such as traumatic brain injury or meningitis.

Therefore, we suggest that in all patients visiting a memory clinic with the combination of cognitive complaints, gait disturbances and ventriculomegaly on MRI suspecting CH, this theory of 'growing into deficits' should be considered as a possible explanation for the cognitive decline, when AD has been ruled out and hydrodynamic alterations in CSF flow have been excluded.
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![MRI of case No. 11 with the clinical picture of CH due to congenital hydrocephalus. **a** Axial T2-weighted display of supratentorial hydrocephalus. **b** Axial multiplanar reconstruction FLAIR display of supratentorial hydrocephalus. **c** Coronal multiplanar reconstruction display of supratentorial hydrocephalus with giant arachnoid cyst in the posterior fossa. The impression of hippocampal atrophy exists as a result of bilateral severely widened temporal horns of the lateral ventricles. **d** Sagittal multiplanar reconstruction display of supratentorial hydrocephalus with giant arachnoid cyst in the posterior fossa.](dee-0006-0500-g01){#F1}

###### 

Clinical characteristics of all cases

  Case   Age, years   Sex   Past medical history                                                                            Clinical signs                                                                                       CSF biomarkers, pg/ml   Magnetic resonance imaging        
  ------ ------------ ----- ----------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------- ----------------------- ---------------------------- ---- ------------------------------------------------------------------------------------------------------------
  1      61           M     Childhood hydrocephalus, traumatic brain injury                                                 Memory complaints, difficulties in word finding and concentration                                    \-                      \-                           \-   Ventriculomegaly and known posttraumatic lesion in the left temporal lobe
                                                                                                                                                                                                                                                                                           
  2      40           M     Mesial temporal sclerosis with epilepsy                                                         Cognitive decline, apathy                                                                            712                     241                          27   Chronic supratentorial ventriculomegaly due to aqueductal stenosis
                                                                                                                                                                                                                                                                                           
  3      70           M     Hydrocephalus                                                                                   Unsteady gait, memory complaints                                                                     383                     150                          19   Supratentorial ventriculomegaly and leukoaraiosis, no signs of aqueductal stenosis
                                                                                                                                                                                                                                                                                           
  4      59           F     Hydrocephalus                                                                                   Gait disturbance, memory complaints, impaired concentration, depressive mood                         997                     229                          39   Quadriventricular communicating hydrocephalus, no signs of aqueductal stenosis
                                                                                                                                                                                                                                                                                           
  5      70           M     Traumatic brain injury in childhood                                                             Memory complaints, lack of interest                                                                  766                     272                          39   Triventricular hydrocephalus with aqueductal stenosis
                                                                                                                                                                                                                                                                                           
  6      66           M     Bacterial meningitis in childhood, hypertension, TIA                                            Memory complaints, difficulties in planning and problem-solving, unsteady gait                       \-                      \-                           \-   Quadriventricular communicating hydrocephalus
                                                                                                                                                                                                                                                                                           
  7      64           M     Bacterial meningitis                                                                            Memory complaints, gait disturbance, impaired vision and hearing                                     370                     255                          16   Quadriventricular communicating hydrocephalus
                                                                                                                                                                                                                                                                                           
  8      73           M     Mild Arnold Chiari malformation                                                                 Memory complaints, compulsive acts, gait disturbance                                                 422                     300                          43   Ventriculomegaly with narrow foramen magnum and mild protrusion of cerebellar tonsils
                                                                                                                                                                                                                                                                                           
  9      59           M     Congenital hydrocephalus                                                                        Memory complaints, lack of interest, difficulties in planning, unsteady gait                         892                     124                          24   Ventriculomegaly
                                                                                                                                                                                                                                                                                           
  10     67           F     Traumatic brain injury in childhood                                                             Memory complaints, disorientation, unsteady gait                                                     \-                      \-                           \-   Chronic supratentorial ventriculomegaly, no signs of aqueductal stenosis
                                                                                                                                                                                                                                                                                           
  11     72           M     Congenital hydrocephalus with giant arachnoid cyst posterior fossa                              Memory complaints, lack of interest, difficulties in planning and problemsolving, gait disturbance   \-                      \-                           \-   Supratentorial hydrocephalus with giant arachnoid cyst posterior fossa
                                                                                                                                                                                                                                                                                           
  12     64           M     Hydrocephalus due to mesencephalic tumor requiring surgical treatment (third ventriculostomy)   Memory complaints, difficulties in planning and problem-solving, unsteady gait                       1,331                   501                          65   Supratentorial hydrocephalus with intact flow through ventriculostomy (3rd ventricle) and Monro\'s foramen

t-Tau = Total tau; p-Tau = phosphorylated tau.

###### 

Neuropsychological test results of all cases

  Case   MMSE   CAMCOG   Neuropsychological test examination                                        CDR
  ------ ------ -------- -------------------------------------------------------------------------- -----
  1      --     --       Impaired processing speed, memory function and concentration               0.5
  2      26     --       Impaired memory function                                                   
  3      30     --       Unknown                                                                    0.5
  4      24     --       Disturbance in memory and executive functions                              0.5
  5      28     --       Disturbance in memory function                                             0.5
  6      29     93       Impaired memory functions                                                  0.5
  7      21     58       Severe disturbances in all cognitive domains, including processing speed   1
  8      7      35       Disturbances in all cognitive domains                                      2
  9      22     74       Disturbance in memory and executive functions                              0.5
  10     27     79       Disturbance in memory, executive and visuoconstructive functions           0.5
  11     21     69       Impaired processing speed, disturbance in memory and executive functions   1
  12     28     95       Impaired processing speeds, disturbance in memory function                 0.5
